Introduction
This review will examine various infectious parameters that could lead to enhancement or exacerbation of autoimmune disease. Multiple sclerosis (MS) will be the prototype human autoimmune disease detailed and experiments relating to the pathogenesis of MS will use data derived from an experimental animal model, experimental allergic encephalomyelitis (EAE). Other autoimmune diseases will be included for comparison.
MS is the most common human demyelinating disease with a prevalence rate between 50-100 per 100,000 Caucasians [1] . Other ethnic groups have lower but significant prevalence rates. Women are more afflicted than men by more that a 2:1 ratio. The inflammatory demyelinating lesions are limited to the central nervous system (CNS) [2] . In most cases, oligoclonal IgG bands are present in the cerebral spinal fluid and a mild mononuclear pleocytosis may be present. Clinical features include vision loss due to optic neuritis, weakness of the limbs and sensory disturbances with some memory and cognitive impairment. The clinical course can include relapses and remissions and/or a progressive course. MS is immune mediated and, while not conclusively shown, thought to be caused by autoreactive myelin-specific Th1 CD4 + T cells [3] .
Genetic Involvement in MS
MS has been shown to have a genetic component. This concept comes from two lines of investigation. First, in studies with monozygotic twins, if one twin developed MS there was about a 25-30% chance the other twin would also develop MS [4] [5] [6] . Second, there is a HLA association in MS patients with HLA DRw15,DQw6,Dw2 in Caucasian Europeans and North Americans [7, 8] and a secondary association with DRw15,DQw6,Dw2 in Swedish MS patients [9] .
These sorts of data indicate that while there is an important genetic component to MS, environmental factors such as infections play an important role in the pathogenesis. Interestingly when twins are studied in the context of infectious disease, concordance rates for highly infectious diseases, such as measles virus infection, are greater than 90% for monozygotic twins. However, for other infectious diseases such as pneumonia, concordance rates are in the range of 30%, approximating that for MS [10] .
Evidence for Environmental Factors
Further evidence supporting an infectious contribution to the pathogenesis of MS comes from epidemiological studies. Epidemiological data indicate that there is a latitude distribution (North/South in the Northern Hemisphere) in the incidence of MS. The northern latitudes in Europe have a higher incidence of MS. Similarly, there is an increased incidence of MS in northern part of the United States (above the 37th parallel). Further when individual countries were surveyed for the incidence of MS, a clustering of MS cases has been reported [1] . This clustering was also seen when the same regions were resurveyed a generation later. These studies led Kurtzke to suggest, 'the occurrence of MS is intrinsically related to geography, and therefore MS can be defined as an acquired, exogenous, environmental disease' [1] . It appears that MS is a place-related disorder. The areas of the world most affected are Northern Europe or areas colonized by the Europeans [11] . These regions include Canada, the United States, Australia, New Zealand and South Africa. Kurtzke speculated that the spread of MS from Scandinavia to other regions was too rapid to be due strictly to genes or genetics, but that an environmental agent was most likely the cause [1] .
From migration studies, immigrants tended to retain the MS risk of their birthplace. Migrants from high-risk areas moving to low-risk regions usually retained their high-risk phenotype [12] . However, age must be a consideration in the MS migrant studies [13] [14] [15] [16] [17] [18] . An individual who moves prior to the age of 15 will acquire the risk associated with the area to which she/he moves; whereas if migration occurs after the age of 15, the individual keeps the risk associated with the area in which they were born. This observation could relate to the number and types of infections in a particular region that an individual is exposed to and when in life they were exposed. These data are consistent with the hypothesis that infections early in life could subclinically prime genetically susceptible individuals for MS. Interestingly this may also be the case for insulin dependent diabetes mellitus (IDDM) (reviewed in [19] ).
Several studies provide interesting data documenting the infectious nature of MS. Studies of Iceland indicate that there was an increase in the incidence of MS following World Wars I and II when British, Canadian and American soldiers occupied Iceland [20] . Similarly, in five surveys by four groups studying the Shetland-Orkney Islands, there was a marked increase in MS following the Second World War [21] [22] [23] [24] . Epidemiological surveys of the Faroe Islands also demonstrated an increase in MS following the Second World War and the locations of British troop encampments strongly correlated with the place of residence of all MS patients [25] [26] [27] . MS did not appear to spread to surrounding areas that did not house British troops. In addition, there were few, if any, documented cases of MS prior to 1943 in the Faroe Islands.
Infections Associated with Exacerbations
Infections have long been associated with attacks of MS. Rapp et al. [28] found an increase in MS exacerbations with patients experiencing bacterial infections. Metz et al. [29] have demonstrated that recurrent urinary tract infections were associated with acute exacerbations and neurologic progression. More recent studies [30] [31] [32] found that there was an association between upper respiratory viral infections and exacerbations of MS. These studies confirm earlier work by Sibley et al. [33] who studies 170 patients with MS over an 8-year period. These investigators concluded that viral-like infections were temporally associated with exacerbations of MS. In all of these studies, no common infection, either bacterial or viral was found, but rather infections were frequently found in temporal association with clinical attacks of MS. There is an apparent paradox relating to infection. Well over 24 viral agents have been isolated from MS patients [34] . However, no virus has been identified as the 'MS virus', yet viral infections are often seen in temporal association with exacerbations [32, 33] . This is in contrast to individuals who acquire a congenital rubella infection. These individuals have a much greater incidence of diabetes [35, 36] . Autoantibodies to islet cells were found in greater than 20% of the total population with congenital rubella syndrome [37] . This study also investigated the HLA association [37] . They concluded that the same genetic and immunologic features seen in classic IDDM, such as the presence of HLA DR3 and the absence of DR2 and the occurrence of autoantibodies, was also seen in those IDDM patients congenitally infected with rubella. Thus, here there is a clear association with rubella virus infection and IDDM. IDDM due to congenital rubella has declined owing to the successful vaccination campaign against mumps.
Experimental Allergic Encephalomyelitis (EAE) as a Model for MS
EAE is a widely used animal model for MS. It can be induced in a variety of vertebrate species using spinal cord homogenates, myelin, and proteins comprising myelin, such as myelin basic protein (MBP), myelin proteolipid protein (PLP), myelin associated glycoprotein (MAG), myelin oligodendrocyte glycoprotein (MOG), in adjuvants such as complete Freund's adjuvant (CFA). MHC-restricted class II peptides (encephalitogenic peptides) have been identified and can also be used to induce EAE. Depending on the species and/or strain, different clinical forms of EAE can be seen. For example, Lewis rats sensitized with spinal cord homogenate in CFA develop an acute attack of EAE with few if any relapses. In contrast, SJL/J mice sensitized with PLP 139-151 in CFA undergo a relapsing-remitting disease course, whereas AS.W mice die of a progressive disease [38] . Clinical signs include weight loss, ataxia and incontinence with flaccid or spastic hind limb paralysis.
CNS lesions are inflammatory in nature and often include demyelination. These lesions are similar to early acute lesions seen in MS. However, the distribution of lesions is somewhat different in EAE where spinal cord lesions are more prominent, whereas in MS brain lesions are more common. With time large plaque-like lesions are present in MS. The only model of EAE that approximates plaque-like lesions is MOG induced EAE (Figure 1 ). Interestingly in MOG induced EAE, antibodies play a prominent role in the disease whereas other models of EAE are thought to be strictly a Th1 CD4 + T cell-mediated disease. In most models of EAE, myelin-specific Th1 CD4 + T cells can adoptively transfer EAE to naïve recipients. In MS it is thought that these cells are also important in the pathogenesis.
Vaccination and MS/EAE
To date, no immunization or vaccination has been demonstrated to induce exacerbations in MS. Four studies conducted in the mid-1970s to the mid-1980s found no association or 'cause and effect' relationship between swine influenza vaccine and MS [39] [40] [41] [42] . This was a major concern since the swine influenza vaccine may have had an increase in the relative risk for Guillain-Barre syndrome within the first 6 weeks after vaccination [43] . More recently several studies have shown that there were no increases in exacerbations of MS in influenza virus vaccinated individuals [44] [45] [46] [47] . Interestingly in one study, De Keyser et al. [45] found that in a group of 180 patients with relapsingremitting MS an exacerbation occurred within the following 6 weeks in 33% after influenza illness. The exacerbation rate in influenza vaccinated patients was only 5%. They concluded that annual influenza vaccination should be offered routinely to all patients with relapsing MS. Recently there has been some controversy over the hepatitis B virus vaccine and MS. Investigators reviewing the evidence have concluded that there is no association between hepatitis B virus vaccination and increased risk for MS [48] [49] [50] .
On the other side of the coin, several groups have attempted to use a variety of schemes to vaccinate against autoimmune disease. Some of these will be discussed below in the context of EAE.
Since the time of Jenner, cowpox and vaccinia viruses were used to vaccinate humans against smallpox. More recently, vaccinia virus has been used to express proteins during viral infection, including self proteins. This approach was used to modulate EAE. Recombinant vaccinia virus encoding PLP (VV PLP ) was used to infect mice. These 'vaccinated' mice were then challenged with PLP 139-151 in CFA and followed for EAE [51] . We observed that the first acute attack of EAE was exacerbated versus control mice vaccinated with VV SC11 , a recombinant virus encoding -galactosidase, or in mice not vaccinate and challenged with PLP 139-151 in CFA. Interestingly, we found that mice vaccinated with VV PLP and challenged with PLP 139-151 , after the first initial exacerbated attack, seldom had a relapse; and, if it did occur, the relapse was very mild [52] . This was in contrast to mice infected with control virus VV SC11 or mock infected and challenged with PLP 139-151 where they displayed a relapsing-remitting disease course. Here virus encoding a cross-reacting determinant (molecular mimicry) was able to exacerbate the initial attack of EAE but limit subsequent attacks.
In a different system, mice infected with a recombinant vaccinia virus encoding an encephalitogenic epitope MBP , (VV ) and challenged with MBP [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] or the intact MBP molecule in CFA were protected from the development of clinical signs or pathologic changes of EAE [53] ; however, we found that mice were not protected when challenged with spinal cord homogenate. When immunologic parameters were measured, proliferative responses to MBP were decreased as well as delayed type hypersensitivity (ear swelling) responses associated with CD4 + Th1 T cells. T cells from VV MBP1-23 vaccinated mice were not able to adoptively transfer EAE to naïve mice. Using a similar approach in marmosets, Genain et al. [54] confirmed the above mouse experiments. Here marmosets were infected with a recombinant vaccinia virus encoding intact human MBP and challenged with whole white matter in CFA and Bordetela pertussis 3-5 weeks after the last vaccination. Some of the monkeys received more than one vaccination. They found amelioration of disease in some of the animals. Therefore, depending on the CNS protein encoded by the recombinant vaccinia virus either an enhancement or protection is observed. It may be that depending on what epitopes a virus may have in common or similar with self molecules could dictate the response to subsequent challenge.
DNA Vaccination as a Means to Modulate CNS Autoimmune Disease
We initiated studies to determine if immunization with plasmid DNA encoding PLP could prime PLPspecific immune responses. Several possibilities could arise from such a scheme. First, inoculation with a cDNA encoding PLP could suppress EAE by inducing MHC class I restricted CD8 + suppressor T cells, since in some models of EAE CD8 + T cells have been shown to modulate EAE [55] . Second, anergy or tolerance could arise due to expression of PLP in nonprofessional antigen presenting cells (APCs). Muscle cells could present peptide without appropriate co-stimulation [56] . Third, inoculation may induce EAE or enhance subsequent induction of EAE, since cDNA inoculation has been shown to induce Th1-like immune responses [57] . Fourth, cDNA vaccination encoding PLP could produce a different CNS disease through a PLP specific CD8 + T cell response. Using cDNAs encoding PLP or encephalitogenic PLP peptides, PLP 139-151 and PLP [178] [179] [180] [181] [182] [183] [184] [185] [186] [187] [188] [189] [190] [191] , we tested whether vaccination could modulate the development of relapsing-remitting EAE using PLP peptides in CFA. When mice were vaccinated with the cDNA without subsequent peptide challenge, proliferative responses were detected to PLP but no inflammatory lesions were present in the CNS. Upon challenge of cDNA vaccinated mice with PLP peptides a more severe EAE was seen both clinically and histologically versus control mice. Measuring anti-PLP isotype antibody responses indicated that a Th1 response was favoured. Interestingly, Ruiz et al., using a very similar system, came to the opposite conclusion [58] . They found amelioration of clinical signs of EAE in their system. A reduction in Th1 type cytokine mRNAs was also noted in the CNS. Lobell et al. [59] found that vaccination of Lewis rats with a cDNA encoding a Lewis rat encephalitogenic MBP peptide only suppressed disease when the peptide was targeted to Fc receptors using an analogue of protein A. Targeting the peptide to Fc was essential for the modulation [59] . Protection was encephalitogenic epitope specific and did not appear to involve bystander suppression [60] . We found that EAE as well as Theiler's virus infection of mice (a viral model for MS) could be exacerbated by injection of mice with just plasmid DNA. The extent of enhancement correlated with the number of injections of plasmid DNA. Increases in proinflammatory cytokines were observed [61] . Segal et al. [62] showed similar results demonstrating that CpG containing oligonucleotides could replace mycobacteria in CFA for active sensitization. The enhancement was dependent on IL-12 [63] . It still remains to be determined whether this will be a viable means to down-modulate EAE and/or if this technique can be applied to MS and other autoimmune disorders.
Virus Infection having Molecular Mimicry can Subclinically Prime for Autoimmune Disease that can be Exacerbated by a Non-related Infection
We have recently used cDNA encoding PLP to subclinically prime animals for autoimmune CNS disease. Young SJL/J mice were inoculated three times with a cDNA encoding PLP. Mice developed neither clinical nor inflammatory lesions in the CNS even though lymphoid cells from these mice proliferated in response to PLP encephalitogenic peptides. When these mice were given a non-specific immunologic challenge in the form of CFA (a potent IL-12 inducer) mice developed inflammatory lesions in the white matter of the CNS. Instead of challenging mice with CFA, infection of mice with a recombinant vaccinia virus encoding -galactosidase could replace CFA in inducing inflammatory lesions in white matter in the CNS. Interestingly, infection of mice with recombinant vaccinia viruses encoding PLP, myelin associated glycoprotein or glial fibrillary acidic protein could replace cDNA in that after infection, when mice were challenged with CFA, about 90% of mice develop inflammatory lesions.
Summary
We have attempted to provide a review of information concerning infection and vaccination relating to autoimmune disease. In the limited amount of space, not all modalities were covered but important features summarized. What is emerging is that natural infections can cause exacerbations of autoimmune disease. This is most likely due to the induction of IL-12, IL-6 and IFN-. To date there are no data demonstrating an association between vaccination and induction of autoimmunity or exacerbations. Interestingly in some instances vaccination appears to lower the risk of exacerbations. However, in the future it will be of interest to review the data about DNA vaccines and their use to prevent infections and alter autoimmunity.
